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ABSTRACT 
I n s t a b i l i t y  d i s c h a r g e s  accompanying s t e a d y - s t a t e  plasmas t r a p p e d  
i n  a s t e a d y - s t a t e  magnet ic  f i e l d  a r e  d e s c r i b e d  and s t u d i e d .  It i s  
p o s s i b l e  t h a t  t h e s e  t r a n s i e n t  d i s c h a r g e s  may b e  similar t o  c e r t a i n  
a s p e c t s  of a u r o r a l  phenomena. S p a t i a l  mappings of t h e  t r a n s i e n t  
magnet ic  f i e l d s  a s s o c i a t e d  w i t h  t h e s e  i n s t a b i l i t i e s  a r e  p r e s e n t e d ,  
a l o n g  w i t h  q u a l i t a t i v e  d i s c u s s i o n s  concerning t h e  o r i g i n s  of t h e  
i n s t a b i l i t i e s .  
1. I n t r o d u c t i o n  
1.1 The B a s i c  Phenomena 
With a s p h e r i c a l  d i p o l a r  magnet s e r v i n g  as t h e  ca thode ,  a  
s t e a d y - s t a t e  glow d i s c h a r g e  having s e v e r a l  unique f e a t u r e s  can b e  
e s t a b l i s h e d .  The plasma formed i n  such a  d i s c h a r g e  i s  t r a p p e d  i n  
t h e  magnet ic  f i e l d  of t h e  s p h e r e  and, a s  a  r e s u l t  of t h i s  t r a p p i n g ,  
t h e  plasma can  assume t h e  form of a  f l a t  b e l t  i n  t h e  e q u a t o r i a l  
p l a n e  of t h e  s p h e r e .  Within  a  c e r t a i n  r a n g e  of p r e s s u r e s  and 
d i s c h a r g e  v o l t a g e s  and f o r  a  s u f f i c i e n t l y  l a r g e  s p h e r e ,  t h i s  s t eady-  
s t a t e  plasma b e l t  i s  accompanied by a r c  i n s t a b i l i t i e s  which appear  
t o  o r i g i n a t e  i n  t h e  plasma b e l t  and p r o p a g a t e  a l o n g  t h e  magnet ic  
f i e l d  l i n e s  t o  t h e  s u r f a c e  of t h e  s p h e r e .  These a r c s  a r e  produced 
by h i g h l y  e n e r g e t i c  i o n s  and e l e c t r o n s  and ,  t h e r e f o r e ,  may b e  
cons idered  t o  b e  l o c a l i z e d ,  t r a n s i e n t  c u r r e n t s .  Each such c u r r e n t  
o r  a r c  h a s  a n  a s s o c i a t e d  t r a n s i e n t  magnet ic  f i e l d .  The s p a t i a l  and 
temporal  v a r i a t i o n  of t h e s e  f i e l d s  h a s  been  determined u s i n g  a  s m a l l  
c o i l  p l a c e d  i n  t h e  v i c i n i t y  of t h e  a r c s .  These measurements, t o g e t h e r  
w i t h  a  d e s c r i p t i o n  of t h e  p r i n c i p a l  c h a r a c t e r i s t i c s  of b o t h  t h e  s t e a d y -  
s t a t e  glow d i s c h a r g e  and t h e  a r c  i n s t a b i l i t i e s ,  w i l l  b e  p r e s e n t e d .  
1 . 2  Prev ious  R e l a t e d w o r k  
The e x p e r i m e n t a l  c o n f i g u r a t i o n  and t e c h n i q u e  d e s c r i b e d  above 
f o r  o b t a i n i n g  a s t e a d y - s t a t e  plasma t r a p p e d  i n  a  d i p o l a r  magnet ic  
f i e l d  was f i r s t  p r e s e n t e d  by (Quinn and Chang, 1966) .  (Quinn, 1966) 
r epo r t ed  on t h e  a r c  i n s t a b i l i t i e s  t h a t  may accompany the  t rapped 
plasma. An a r t i c l e  w r i t t e n  by (Quinn and F i o r i t o ,  1967) conta ins  
d e s c r i p t i o n s  of some of t h e  p r o p e r t i e s  of both the  s t eady- s t a t e  
plasma b e l t  and the  a r c s .  This a r t i c l e  a l s o  conta ins  p l o t s  of t h e  
t r a n s i e n t  time behavior of t h e  e l e c t r i c  p o t e n t i a l  wi th  r e spec t  t o  
ground of va r ious  po in t s  i n  the  plasma b e l t  a s  a  r e s u l t  of t h e  a r c  
i n s t a b i l i t i e s .  (Twardeck, 1968) used t h i s  same d ischarge  conf igu ra t ion  
t o  i n v e s t i g a t e  t h e  s c a t t e r i n g  of microwaves by a  s t eady- s t a t e  plasma 
trapped i n  a  d i p o l a r  magnetic f i e l d .  Noise measurements of t h i s  
d i scharge  by (Schmidt, 1969) i n d i c a t e  t h a t  t he  s t eady- s t a t e  plasma 
o s c i l l a t e s  a t  frequencies  i n  t h e  k i l o h e r t z  range. 
The use  of a  smal l  c o i l  t o  measure time-varying magnetic f i e l d s  
i n  a  plasma i s  a  s tandard  d i agnos t i c  technique. Two of t he  main uses  
of such magnetic probes a r e  t o  measure t h e  magnetic f i e l d s  a s s o c i a t e d  
wi th  t h e  plasma cu r ren t  i n  a  pulsed d ischarge  and t o  measure t h e  
magnetic f i e l d  a s soc i a t ed  wi th  a  pinched discharge.  The work of 
(Lovberg, 1964) i s  an example of t h e  former and t h a t  of (Tuck, 1959) 
an example of t h e  l a t t e r  a p p l i c a t i o n .  
There i s  l i t t l e  repor ted  i n  t h e  l i t e r a t u r e  concerning t h e  
measurement of magnetic f i e l d s  a s soc i a t ed  wi th  cu r r en t s  which a r e  both 
s p a t i a l l y  and temporally random. The f a c t  t h a t  t h e  a r c  i n s t a b i l i t i e s  
observed i n  t h i s  work have a  random cha rac t e r  i n  space and i n  t ime 
n e c e s s i t a t e d  s p e c i a l  experimental methods which w i l l  b e  descr ibed  
l a t e r  i n  t h i s  work. 
1 . 3  D e f i n i t i o n s  of Symbols 
I n  t h i s  s e c t i o n ,  t h e  d e f i n i t i o n s  of t h e  symbols used i n  t h i s  
work a r e  presented .  The symbols a r e  arranged a l p h a b e t i c a l l y  i n  o r d e r  
of La t in  l e t t e r s  and then  Greek l e t t e r s .  
-+ 
B magnetic f l u x  dens i ty  vec to r  
-+ 
Bi z ith component of B 
- 
Bi = maximum value  wi th  r e spec t  t o  time of Bi ob ta ined  MAX 
a t  a  given l o c a t i o n  i n  t'de plasma f o r  a  given s e t  
of discharge condi t ions  
-A 
d~ = -+ 
-
d t  - d e r i v a t i v e  wi th  r e spec t  t o  time of B 
dBi 
- - 
d 5  
d t  ith component of - d t  
dB, dB, 
I I 
- f maximum value  wi th  r e spec t  t o  t ime of -
d t  obta ined  dtMAX 
a t  a  given l o c a t i o n  i n  t he  plasma f o r  a  given s e t  of 
d i scharge  condi t ions  
- ID = discharge  cu r r en t :  t h e  cu r r en t  flowing between t h e  anode 
and cathode of t h e  d ischarge  
P p re s su re  i n s i d e  the  b e l l  j a r  of t h e  vacuum system 
r r r a d i a l  d i s t ance  between t h e  s u r f a c e  of t h e  sphere and t h e  
geometric cen te r  of t he  c o i l  
- VD = discharge  vol tage :  the  vo l t age  between the  cathode and 
anode of the  discharge 
0 c o l a t i t u d i n a l  angle  i n  s p h e r i c a l  coordinates  
@ azimuthal angle  i n  s p h e r i c a l  coord ina tes  
- p = r a d i a l  v a r i a b l e  i n  s p h e r i c a l  coord ina tes  
2, Experimental Aspects 
2.1 Experimental Apparatus 
The basic phenomenon in the experiment consists of a steady- 
state plasma trapped in a dipolar magnetic field. The source of the 
magnetic field is a uniformly magnetized metallic sphere. The sphere 
used in this experiment is made of Alnico V and is 15.2 centimeters 
in diameter. The sphere's magnetic field varies from 435 gauss at 
one-half a centimeter from the sphere's surface to 20 gauss at 
15 centimeters in the equatorial plane of the sphere. Figure 2.1 shows 
a plot of this variation of the sphere's magnetic field with distance 
from the sphere. The magnetic field of the sphere was measured with 
a Bell gaussmeter, Model 620. 
The magnetized sphere is placed inside a vacuum chamber 
consisting of a base plate, 51 centimeters in diameter, and a removable 
Pyrex-glass bell jar, 81 centimeters high and 46 centimeters in 
diameter. The sphere is attached to a rod so that the sphere's 
magnetic poles are vertically above one another. Thus, the equatorial 
plane of the sphere is a horizontal plane through the center of the 
sphere. The rod to which the sphere is attached insulates the sphere 
from the base plate. This vacuum chamber is part of a Veeco VS-400 
vacuum system which is capable of reaching pressures as low as 
5 microns with its mechanical roughing pump. This minimum pressure 
is low enough for the purposes of the experiment described in this 
work. All pressures are measured with conventional thermocouple 
ssnws NI as31.~ 3 1 1 3 ~ s ~ ~  
g u g e s  which a r e  p a r t  of t h e  vacuum system. F i g u r e  2 .2  i s  a  photo- 
graph of t h e  vacuum system w i t h  t h e  s p h e r e  i n  p o s i t i o n  i n s i d e  t h e  
b e l l  j a r .  
The s p h e r e  s e r v e s  as t h e  ca thode  i n  forming t h e  glow d i s c h a r g e  
used i n  t h i s  exper iment .  A loop  of w i r e  around t h e  i n s i d e  of t h e  
vacuum system's b e l l  j a r  i s  used a s  t h e  anode i n  t h e  d i s c h a r g e .  By 
u s i n g  a D . C .  power supp ly ,  a  con t inuous  glow d i s c h a r g e  can b e  
main ta ined  between t h e  s p h e r e  and t h e  w i r e  r i n g .  A c u r r e n t - l i m i t i n g ,  
165K r e s i s t o r  i s  p l a c e d  i n  series w i t h  t h e  d i s c h a r g e  t o  p r o t e c t  t h e  
power supp ly ,  which cou ld  produce a  maximum c u r r e n t  of 1 0  m i l l i a m p e r e s ,  
and t o  e n s u r e  t h a t  t h e  d i s c h a r g e  would occur  a t  f a i r l y  low supp ly  
v o l t a g e s ,  abou t  f o u r  t o  f i v e  hundred v o l t s .  
A s m a l l  c o i l  0.75 c e n t i m e t e r s  i n  d iamete r  i s  used t o  measure 
t h e  t r a n s i e n t  magnet ic  f i e l d s  t h a t  a r i s e  a s  a  r e s u l t  of a r c  i n s t a b i l -  
i t i e s  i n  t h e  glow d i s c h a r g e .  T h i s  c o i l  i s  p l a c e d  a t o p  a  p l e x i g l a s s  
s t a n d  which s l i d e s  on a  t r a c k  p l a c e d  on t h e  b a s e  p l a t e  of t h e  vacuum 
chamber. The t r a c k  i s  p o s i t i o n e d  s o  t h a t  t h e  s t a n d  and c o i l  can s l i d e  
i n  and o u t  from t h e  s p h e r e  i n  a  d i r e c t i o n  a long  a r a d i u s  from t h e  
c e n t e r  of t h e  s p h e r e .  I n  t h i s  way, a  complete mapping of a  component 
dii 
of - d t  i n  a  h o r i z o n t a l  p l a n e  abou t  t h e  s p h e r e  can b e  o b t a i n e d  f o r  a 
g iven  c o i l  o r i e n t a t i o n  w i t h o u t  n e c e s s i t a t i n g  t h e  removal of t h e  b e l l  
j a r  t o  a d j u s t  t h e  c o i l ' s  o r i e n t a t i o n  each t ime  a f t e r  t h e  c o i l ' s  
p o s i t i o n  i s  changed. F i g u r e  2 . 3  shows a  photograph o f  t h i s  s l i d i n g -  
s t a n d  arrangement w i t h  t h e  c o i l  i n  p l a c e .  The s l i d i n g  s t a n d  i s  
a c t i v a t e d  by a r o t a r y  feed- through i n  t h e  b a s e  p l a t e .  
F i g u r e  2 . 2  The B a s i c  Exper imen ta l  Appara tus  
F i g u r e  2 . 3  S l i d i n g  S t a n d  and S p h e r e  
The s i g n a l s f r o m  t h e  c o i l  a r e  f e d  i n t o  a  Type D T e k t r o n i x  
p lug- in  u n i t  which is i n s e r t e d  i n t o  a  Type 544 T e k t r o n i x  o s c i l l o s c o p e .  
The d i s p l a y e d  c o i l  s i g n a l  i s  recorded  p h o t o g r a p h i c a l l y .  
2.2 Observed Plasma Phenomena 
I n  t h i s  s e c t i o n ,  t h e  g e n e r a l  c h a r a c t e r i s t i c s  of t h e  s t e a d y - s t a t e  
plasma a r e  d e s c r i b e d ,  Next,  t h e  t h r e e  t y p e s  of a r c  i n s t a b i l i t i e s  which 
may accompany t h e  s t e a d y - s t a t e  d i s c h a r g e  a r e  d e s c r i b e d  t o g e t h e r  w i t h  
t h e  d i s c h a r g e  c o n d i t i o n s  f o r  which each of t h e s e  t y p e s  of a r c  i s  t h e  
dominant one o c c u r r i n g .  L a s t ,  t h e  e f f e c t s  of d i s c h a r g e  c u r r e n t ,  
p r e s s u r e ,  and t h e  s p h e r e ' s  s u r f a c e  c o n d i t i o n  on t h e  g e n e r a t i o n  of t h e  
f l a s h - l i k e  a r c s  a r e  i n v e s t i g a t e d .  
2 .2 .1  S teady-S ta te  Glow Discharge 
With t h e  magnetized s p h e r e  s e r v i n g  a s  t h e  ca thode  and a  r i n g  of 
w i r e  around t h e  i n s i d e  of t h e  b e l l  j a r  as t h e  anode,  a s t e a d y - s t a t e  
d i s c h a r g e  can b e  e s t a b l i s h e d  and mafnta ined between t h e  s p h e r e  and t h e  
w i r e .  The shape  of t h i s  d i s c h a r g e  v a r i e s  somewhat w i t h  p r e s s u r e  and 
d i s c h a r g e  v o l t a g e .  At p r e s s u r e s  above 200 microns and supp ly  v o l t a g e s  
of abou t  450 v o l t s ,  t h e  plasma covers  t h e  upper p a r t  of t h e  s p h e r e  and 
ex tends  v i s i b l y  o n l y  a  few c e n t i m e t e r s  o u t  from t h e  s u r f a c e  of t h e  
s p h e r e ,  At supp ly  v o l t a g e s  above 500 v o l t s  and a t  p r e s s u r e s  below 
200 microns ,  however, t h e  d i s c h a r g e  assumes t h e  shape  o f  a f l a t  b e l t  
c o n f i n e d  t o  t h e  e q u a t o r i a l  p l a n e  of t h e  s p h e r e  as a r e s u l t  of t h e  
t r a p p i n g  e f f e c t  of t h e  s p h e r e ' s  magnet ic  f i e l d  on t h e  plasma, The 
b e l t  f l a t t e n s  even more a s  t h e  p r e s s u r e  i s  lowered f u r t h e r .  Th i s  
plasma b e l t  ex tends  v i s i b l y  from about one c e n t i m e t e r  from t h e  s p h e r e ' s  
s u r f a c e  out  t o  t h e  wire-r ing anode. The b e l t  has  t h e  fundamental 
c h a r a c t e r i s t i c s  of a  glow discharge  wi th  a  cold cathode. A p i c t u r e  
of t h e  s t eady- s t a t e  plasma b e l t  is presented  i n  Figure 4 .  
This plasma b e l t  w i l l  be  formed r ega rd l e s s  of t h e  phys i ca l  
geometry of t h e  anode used. The b e l t  w i l l  be  p r i n c i p a l l y  confined 
t o  t h e  sphe re ' s  e q u a t o r i a l  plane whether t h e  anode i s  a  w i re  r i n g  o r  
j u s t  a  w i r e  t i p  placed i n  t he  v i c i n i t y  of t h e  sphere.  It is  t h e  
sphe re ' s  magnetic f i e l d  t h a t  determines t h e  shape of t h e  t rapped 
plasma. A r i n g  of w i re  i s  used a s  t h e  anode i n  t h i s  experiment 
because t h i s  con f igu ra t ion  seems t o  produce a  f a i r l y  s t a b l e  plasma 
b e l t .  
I n  a l l  t h e  experiments descr ibed  h e r e i n ,  t he  d ischarge  i s  
always formed i n  an a i r  atmosphere. It has been found t h a t  t he  
n e u t r a l  background cons t i t uen t  has l i t t l e  e f f e c t  on the  na tu re  and 
formation of t h e  b e l t .  
Previous measurements (Quinn and F i o r i t o ,  1967) i n d i c a t e  t h a t  
t h e  temperature i n  t h i s  plasma b e l t  v a r i e s  wi th  r a d i a l  d i s t a n c e  from 
t h e  sphe re ' s  s u r f a c e  from a maximum of 10 e l e c t r o n  v o l t s  a t  about 
2 cen t imeters  from t h e  sphere t o  1 e l e c t r o n  v o l t  a t  1 3  cent imeters .  
7 The charged-par t ic le  dens i ty  v a r i e s  from a maximum of 10 p a r t i c l e s  
5 per    ent ti meter)^ a t  5 cent imeters  from t h e  sphere t o  10 p a r t i c l e s  
3  per  (cent imeter )  a t  1 3  cent imeters .  
2 .2 .2  Arc I n s t a b i l i t i e s  i n  t h e  Glow Discharge 
A t  supply vo l t ages  above 600 v o l t s  and p re s su res  below 
400 microns, t h e  s t eady- s t a t e  plasma r i n g  i s  accompanied by a r c  
Figure 2.4 Steady-State Plasma Belt 
i n s t a b i l i t i e s  which,  from v i s u a l  o b s e r v a t i o n ,  appear  t o  o r i g i n a t e  i n  
t h e  plasma b e l t  and p r o p a g a t e  a l o n g  t h e  s p h e r e ' s  magnet ic  f i e l d  l i n e  
t o  t h e  s u r f a c e  of t h e  sphere .  These a r c s  may ex tend  from t h e  plasma 
toward t h e  lower ,  upper ,  o r  b o t h  hemispheres  of t h e  s p h e r e .  
There  a r e  t h r e e  k i n d s  of a r c  i n s t a b i l i t i e s  t h a t  may arise i n  
t h e  plasma b e l t .  F i g u r e s  2 .5 ,  2.6,  and 2.7 are photographs  o f  e a c h  
of t h e s e  t y p e s  of a r c s .  The t h r e e  t y p e s  may b e  c l a s s i f i e d  a c c o r d i n g  
t o  t h e i r  p h y s i c a l  l e n g t h ,  t h e i r  b r i g h t n e s s ,  and t h e i r  t ime  of 
d u r a t i o n .  Under p r o p e r  c o n d i t i o n s  of p r e s s u r e  and d i s c h a r g e  c u r r e n t ,  
a l l  t h r e e  k i n d s  of a r c s  may occur  t o g e t h e r  i n  t h e  plasma, b u t  one can 
u s u a l l y  v a r y  t h e  p r e s s u r e - c u r r e n t  c o n d i t i o n s  s o  t h a t  any one of t h e  
t h r e e  w i l l  appear  by i t s e l f .  
One t y p e  of a r c  c o n s i s t s  of l o n g  s t r e a m e r s  t h a t  ex tend  a l o n g  
t h e  s p h e r e ' s  magnet ic  f i e l d  l i n e s  from t h e  plasma i n  t h e  e q u a t o r i a l  
p l a n e  t o  t h e  p o l a r  r e g i o n s  of t h e  s p h e r e .  F i g u r e  2.5 shows a  p i c t u r e  
of t h e s e  s t r e a m e r s .  The s t r e a m e r s  remain s p a t i a l l y  f i x e d  f o r  s e v e r a l  
seconds  a t  a  t i m e .  They u s u a l l y  occur  a t  p r e s s u r e s  between 50 and 
200 microns and a t  supp ly  v o l t a g e s  below 600 v o l t s .  The s t r e a m e r s  a r e  
t h e  f a i n t e s t  of t h e  a r c s .  
A second t y p e  of a r c  appear ing  i n  t h e  plasma i s  t h e  s m a l l ,  
s p a r k - l i k e  a r c  which o c c u r s  w i t h i n  2  c e n t i m e t e r s  of t h e  s p h e r e ' s  
s u r f a c e .  F i g u r e  2 .6  p i c t u r e s  t h e s e  s h o r t  a r c s  which a r e  on ly  a  few 
c e n t i m e t e r s  i n  l e n g t h .  As t h e  photograph i n d i c a t e s ,  t h e s e  s p a r k - l i k e  
a r c s  occur  e x c l u s i v e l y  i n  t h e  e q u a t o r i a l  r e g i o n  of t h e  s p h e r e .  These 
a r c s  l a s t  f o r  o n l y  a  few microseconds.  They u s u a l l y  occur  a t  supp ly  
Figure 2.5 Streamers 
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F i g u r e  2 . 7  Flash-Like  Arcs 
vo l t ages  above 700 v o l t s  and a t  p ressures  above 50 microns. A t  
p r e s su re  above 200 microns o r  a t  supply vo l t ages  above 900 v o l t s ,  
t he se  a r c s  a r e  u sua l ly  t h e  only ones occurr ing .  
The t h i r d  kind of a r c  c o n s i s t s  of b r i l l i a n t  f l a s h e s  which 
t r a v e l  r ap id ly  from the  e q u a t o r i a l  plasma b e l t  t o  t h e  sphe re ' s  
s u r f a c e  along t h e  magnetic f i e l d  l i n e s .  F igure  2.7 is  a photograph 
of t hese  f l a s h - l i k e  a r c s .  The f l a s h - l i k e  a r c s  have l i f e t i m e s  of 
s e v e r a l  microseconds and vary i n  l eng th  from a few cent imeters  t o  
over 10 cent imeters  depending on t h e i r  po in t  of o r i g i n  i n  t h e  plasma 
b e l t .  These a r c s  may s t r i k e  t h e  sphere anywhere b u t  t h e  major i ty  of 
them h i t  t h e  sphere i n  t h e  reg ions  between 30' and 70" no r th  and south  
l a t i t u d e s ,  The f l a s h - l i k e  a r c s  may be d i s t i ngu i shed  from t h e  o t h e r  
two types i n  t h a t  they a r e  much b r i g h t e r  and last  f o r  a  s h o r t e r  t ime 
chan t h e  s t reamers  and they a r e  much longer  than  t h e  spark- l ike  a r c s .  
The f l a s h - l i k e  a r c s  u sua l ly  occur a t  p re s su re s  below 200 microns 
and a t  supply vo l t ages  between 600 and 900 v o l t s .  Below 100 microns 
f o r  supply vo l t ages  below 900 v o l t s ,  they a r e  t h e  p r i n c i p a l  type of 
a r c  i n s t a b i l i t y  occurr ing.  It i s  these  f l a s h - l i k e  a r c s  w i th  which t h e  
present  work dea l s  so  t h e  p r o p e r t i e s  of t hese  a r c s  w i l l  b e  presented  
i n  some d e t a i l .  Any r e fe rence  below t o  a r c s  r e f e r s  t o  t hese  f l a s h - l i k e  
a r c s ,  un less  otherwise s t a t e d .  
The frequency of occurrence of t h e  a r c s  a t  a  given p re s su re  
i nc reases  wi th  inc reas ing  d ischarge  cu r r en t .  A t  c u r r e n t s  above 
0.50 mil l iamperes  and pressures  below 50 microns, t h e r e  a r e  w e l l  over 
a  hundred a r c s  per  second occurr ing  i n  t he  plasma. 
There i s  only a smal l  range of pressures  i n  which t h e  f l a s h - l i k e  
a r c s  occur i n  abundance and wi th  any s o r t  of cons i s t en t  c h a r a c t e r i s t i c s .  
I n  f a c t ,  a t  p re s su re s  above 25 microns, t h e  a r c s  o f t e n  cease  t o  occur  
a f t e r  t h e  plasma is  sus t a ined  f o r  s e v e r a l  hours .  A t  p ressures  below 
10 microns, t h e  frequency of t h e  a r c s '  occurrences begins t o  f a l l  o f f  
no t i ceab ly .  Thus, t he  optimum range of p re s su re s  f o r  product ion of 
t h e  a r c s  is  between 10 and 25 microns. 
Under a l l  p ressure-cur ren t  condi t ions ,  t h e  a r c s  occur i n  a 
random manner wi th  r e spec t  t o  both time of occurrence and po in t  of 
o r i g i n  i n  t h e  plasma b e l t .  E f f o r t s  t o  produce a f l a s h - l i k e  a r c  a t  a 
c e r t a i n  po in t  i n  t h e  plasma a t  a c e r t a i n  time have been unsuccessfu l  
although t h e  s t reamers  have been produced a t  a p a r t i c u l a r  p o s i t i o n .  
A s  was mentioned above, t h e  a r c s  seem t o  be  generated i n  t h e  e q u a t o r i a l  
plasma b e l t .  Evidence f o r  t h i s  l i e s  i n  t h e  f a c t  t h a t  a t  low p res su res ,  
about 20 microns, and r e l a t i v e l y  low supply vo l t ages ,  about 500 v o l t s ,  
t he  plasma b e l t  w i l l  sometimes f l i c k e r  a s  an  a r c  a r i s e s  i n  t h e  plasma. 
I n  f a c t ,  t h e  e n t i r e  d i scharge  w i l l  occas iona l ly  be quenched upon t h e  
formation of an  a r c .  
2 ,2.3 Surface Ef fec t s  
There i s  experimental  evidence i n d i c a t i n g  t h a t  t h e  product ion  of 
a r c s  i s  dependent on t h e  cond i t i on  of t h e  s u r f a c e  of t h e  magnetized 
sphere.  When the  su r f ace  of t he  sphere  i s  pol ished wi th  emory c l o t h  
and cleaned wi th  acetone,  i t  is found t h a t  i n i t i a l l y  only t h e  spark- 
l i k e  a r c s  appear under pressure-current  condi t ions  which normally l ead  
t o  t h e  abundant product ion of t h e  f l a s h - l i k e  a r c s .  The f l a s h - l i k e  
a r c s  do not  appear u n t i l  t h e  sphe re ' s  su r f ace  i s  scra tched  i n  many 
p l aces  w i th  a f i l e ,  and a  f i l m  which t h e  d ischarge  always seems t o  
depos i t  on t h e  sphere i s  allowed t o  c o l l e c t  on t h e  sphe re ' s  su r f ace .  
The d ischarge  must be sus t a ined  f o r  s e v e r a l  hours t o t a l  t i m e  be fo re  
enough of t h i s  d u l l  brown f i l m  c o l l e c t s  on the  sphere  t o  no t i ceab ly  
enhance t h e  a r c  product ion.  
The unfor tuna te  t h ing  i s  t h a t  a s  t h i s  f i l m  cont inues  t o  c o l l e c t  
on t h e  sphere ,  t h e  a r c  product ion is  eventua l ly  adverse ly  a f f e c t e d  by 
the  f i l m ' s  presence.  Af te r  about two months wi th  t h e  d ischarge  
sus t a ined  f o r  s e v e r a l  hours a  day, t h e  f l a s h - l i k e  a r c s  cease  t o  occur 
a t  p re s su re s  and d ischarge  c u r r e n t s  a t  which t h e  a r c s  had previously 
appeared profuse ly .  Thus, i n  smal l  po r t ions ,  t h e  f i l m  i s  necessary 
f o r  t h e  product ion of t he  f l a s h - l i k e  a r c s ,  b u t ,  i n  too l a r g e  quant i-  
t i e s ,  t h e  f i l m  a c t s  l i k e  a  d i e l e c t r i c  coa t ing  on t h e  sphere and 
i n h i b i t s  and eventua l ly  t o t a l l y  s t o p s  t h e  product ion of t h e  a r c s .  
This was v e r i f i e d  by t h e  f a c t  t h a t  when the  sphere was covered wi th  
a  d i e l e c t r i c  m a t e r i a l  wi th  a  smal l  s t r i p  of metal  l e f t  exposed so  t h e  
d ischarge  could be sus t a ined ,  no f l a s h - l i k e  a r c s  occurred.  A s  w i l l  b e  
d iscussed  l a t e r ,  t h e  a r c s  a r e  thought t o  be caused by an i n s t a b i l i t y  
a r i s i n g  i n  t h e  e q u a t o r i a l  cu r r en t  which causes a  p o t e n t i a l  t o  be  b u i l t  
up between a  po in t  i n  t he  e q u a t o r i a l  p lane  and another  on t h e  sphe re ' s  
s u r f a c e  along a  f i e l d  l i n e .  This  mechanism is  c o n s i s t e n t  wi th  t h e  
observed e f f e c t s  of su r f ace  conduct iv i ty  on a r c  product ion.  A t  h igh 
conduct iv i ty ,  corresponding t o  t h e  cleaned su r f ace ,  no t  enough p o t e n t i a l  
d i f f e r e n c e  can be b u i l t  up along t h e  f i e l d  l i n e  t o  i g n i t e  an a r c  due t o  
continuous leakage cu r ren t  a long t h e  f i e l d  l i n e .  A t  low conduc t iv i ty ,  
corresponding t o  t h e  d i e l ec t r i c - coa ted  sphere,  t h e  breakdown p o t e n t i a l  
of t h e  a r c  pa th  is h igher  than  t h a t  which can be  generated by t h e  
i n s t a b i l i t y  mechanism. I n  t h e  in te rmedia te  case ,  condi t ions  a r e  proper  
f o r  a r c  i g n i t i o n .  For tuna te ly ,  t he  build-up of f i l m  on t h e  sphe re ' s  
au r f ace  i s  slow enough so  t h a t  one has  t ime of t h e  o rde r  of days t o  
ob ta in  reproducib le  experimental  condi t ions  t o  s tudy t h e  p r o p e r t i e s  of 
t h e  a r c s .  
2 . 3  Theory and Coil  Design 
To measure t h e  t r a n s i e n t  magnetic f i e l d ,  a  smal l  c o i l  i s  i n s e r t e d  
i n t o  t h e  plasma. From Faraday 's  Law, one knows t h a t  t h e  vo l t age  induced 
d'I; d' i s  r e l a t e d  t o  - i n  such a  c o i l  by a  time-varying magnetic f i e l d  - d t  d t  
d$ 
where t h e  s u b s c r i p t  i r e f e r s  t o  the  component of - d t  normal t o  t h e  
c o i l ' s  c i r c u l a r  c ros s  s e c t i o n ,  n  is  t h e  number of t u r n s  i n  t he  c o i l ,  
and A i s  t h e  a r e a  of t h e  c ros s  s e c t i o n .  I f  A i s  i n  (meters)2 and 
dBi 
"c , 
t h e  vo l t age  induced i n  t h e  c o i l ,  i s  i n  v o l t s ,  then  - d t  has  u n i t s  
4 
of 10 gauss per  second. This  c o i l  technique measures only time-varying 
magnetic f i e l d s  a s  t h e  cons tan t  background magnetic f i e l d  of the  sphere  
has no e f f e c t  on t h e  c o i l ' s  magnetic f i e l d  measurements. 
There a r e  s e v e r a l  f a c t o r s  t o  consider  i n  t h e  design of t h e  c o i l  
t o  be used t o  measure such t r a n s i e n t  magnetic f i e l d s .  F i r s t ,  t h e  
c h a r a c t e r i s t i c  t ime a s soc i a t ed  wi th  t h e  frequency response of a c o i l  
i s  T = -  , where Ro i s  t h e  e x t e r n a l  r e s i s t a n c e  a t  t h e  output  of 
Ro 
t h e  c o i l  and L is  t h e  inductance of t h e  c o i l .  This  inductance i s  
2 
equal  t o  Kn r , where K i s  a cons tan t  dependent on the  cross-  
s e c t i o n a l  a r e a  of t h e  wi re  of t h e  c o i l ,  and r i s  t h e  r ad ius  of t he  
c o i l ' s  c i r c u l a r  c ros s  s e c t i o n .  Since one would l i k e  T t o  be  a s  smal l  
a s  p o s s i b l e  f o r  good frequency response, i t  is d e s i r a b l e  t o  use t h i n  
wi re  of gauge g r e a t e r  than #30 and f o r  n and r t o  be  a s  smal l  a s  
p o s s i b l e  s o  T w i l l  b e  small .  On t h e  o t h e r  hand, Vc is  p ropor t iona l  
t o  n r 2  and one needs a s i g n a l  l a r g e  enough t o  be  de t ec t ab le .  Thus, 
one would l i k e  both n and r t o  be l a r g e .  Obviously, one must 
compromise between t h e  demands of good c o i l  frequency response and 
l a r g e  s i g n a l  output  of t he  c o i l .  I n  add i t i on ,  t h e  l a r g e r  t h e  c o i l  i s ,  
t h e  more i t  w i l l  d i s t u r b  the  plasma i n t o  which i t  i s  i n s e r t e d .  The 
c o i l  used i n  t h i s  experiment is  designed wi th  t h e  c r i t e r i a  t h a t  i t  
have the  sma l l e s t  p o s s i b l e  phys i ca l  dimensions and s t i l l  produce a 
d e t e c t a b l e  s i g n a l  of a t  l e a s t  a few m i l l i v o l t s  i n  reg ions  of t he  
plasma b e l t  where t h e  s i g n a l  from t h e  c o i l  i s  a minimum. 1 
'plasma Diagnost ic  Techniques, ed. by R. Huddles tone and 
S. Leonard, pp. 72-73. These pages t r e a t  t h e  same coi l -des ign  
cons ide ra t ions  a s  those  presented  above. 
2 . 4  E f f e c t s  of E l e c t r i c F i e l d s  
Besides t h e  cons idera t ions  of t h e  phys i ca l  dimensions of t h e  
c o i l ,  t h e r e  i s  a l s o  t h e  problem of e l imina t ing  e l e c t r i c  f i e l d  e f f e c t s  
from the  c o i l ' s  ou tput  s i g n a l .  These spurious e l e c t r i c  f i e l d  e f f e c t s  
a r e  t he  r e s u l t  of a  c a p a c i t i v e  breakdown between t h e  i n s u l a t i o n  
around t h e  c o i l  w i r e  and t h e  wire  i t s e l f .  This breakdown can occur 
because of t h e  l a r g e  p o t e n t i a l  d i f f e r e n c e  t h a t  may e x i s t  between t h e  
plasma around t h e  c o i l ' s  i n s u l a t i o n  and t h e  wire .  Since t h e  d ischarge  
vol tages  used i n  t h i s  experiment a r e  about 500 v o l t s ,  i t  i s  e s s e n t i a l  
t o  e l imina te  t h e s e  spur ious  e f f e c t s .  
There a r e  s e v e r a l  s tandard  techniques used t o  e l imina te  
e l e c t r i c  f i e l d  e f f e c t s .  One such technique c o n s i s t s  of p u t t i n g  a  
po rce l a in  j acke t  o r  a  t h i c k  epoxy coa t ing  around t h e  c o i l .  Unfortun- 
a t e l y ,  such a  j acke t  o r  coa t ing  g r e a t l y  i nc reases  t h e  dimensions t h a t  
t h e  c o i l  p re sen t s  t o  t h e  plasma and, t h e r e f o r e ,  a l s o  inc reases  t he  
c o i l ' s  pe r tu rb ing  e f f e c t  on t h e  plasma, Since i t  i s  f e l t  t h a t  t he  
sma l l e s t  p o s s i b l e  c o i l  w i l l  g ive  t h e  most accu ra t e  mapping of t h e  
a r c ' s  magnetic f i e l d s  and w i l l  l e a s t  i n h i b i t  o r  p e r t u r b  t h e  product ion 
of t he  a r c s ,  t h e  j acke t  technique i s  not  used i n  t h i s  experiment. 
Another method f o r  e l imina t ing  e l e c t r i c  f i e l d  e f f e c t s  i s  t h a t  
of surrounding the  c o i l  wi th  a  grounded cage of w i r e s  o r  wi th  a  
s l o t t e d  s h i e l d .  Such a  device  keeps a l l  e l e c t r i c  f i e l d  e f f e c t s  from 
the  c o i l  bu t  permits  t he  magnetic f i e l d  t o  p e n e t r a t e  t o  t h e  c o i l  
through t h e  s l o t s  i n  t h e  metal .  Like an i n s u l a t i n g  j a c k e t ,  a  s h i e l d  
o r  cage of w i re s  around t h e  c o i l  prevents  an accu ra t e  mapping of t h e  
a r c ' s  magnetic f i e l d  s i n c e  the  s h i e l d  prevents  a r c s  from occurr ing  
r i g h t  next  t o  t he  c o i l  because of t h e  s h i e l d ' s  phys i ca l  s i z e  and by 
i t s  pe r tu rb ing  e f f e c t  on the  plasma. Thus, t h e  s h i e l d  technique was 
not  used i n  t h i s  experiment.  
A t h i r d  technique,  t he  one used i n  t h i s  experiment,  involves  
t he  use of a double c o i l  wi th  a grounded c e n t e r  t a p .  The double c o i l  
c o n s i s t s  of two c o i l s ,  each wound wi th  t h e  same number of t u r n s  i n  t h e  
same d i r e c t i o n  and placed s i d e  by s i d e  t o  form one c o i l .  The c e n t e r  
of t h i s  composite c o i l ,  which c o n s i s t s  of one end of each of t h e  two 
smal le r ,  ad jacent  c o i l s ,  i s  grounded. The output  of t h e  two c o i l s  i s  
f ed  i n t o  a d i f f e r e n t i a l  ampl i f i e r .  The two smal l  c o i l s  t oge the r  a r e  
s t i l l  very sma l l  i n  s i z e  (0.75 cent imeters  i n  d iamter ) ,  so  t he  e l e c t r i c  
f i e l d  e f f e c t s  a r e  t h e  same i n  each c o i l  and w i l l  cance l  i n  t h e  
d i f f e r e n t i a l  ampl i f i e r .  The time-changing magnetic f i e l d ,  however, 
induces + Vc wi th  r e spec t  t o  ground i n  one c o i l  and - Vc wi th  
r e spec t  t o  ground i n  t h e  o ther  c o i l  a s  a r e s u l t  of t h e  composite c o i l ' s  
cen te r  being grounded. I n  the  d i f f e r e n t i a l  ampl i f i e r ,  t h e  two s i g n a l s  
from the  two c o i l s  a r e  sub t r ac t ed  one from t h e  o t h e r  t o  g ive  a n e t  
s i g n a l  of 
c 
- (- Vc) = 2Vc . Thus, t h e  double c o i l  con f igu ra t ion  
e l imina te s  a l l  e l e c t r i c  f i e l d  e f f e c t s  and p e r t u r b s  t h e  plasma t h e  l e a s t  
of any of t h e  techniques descr ibed above. This method a l s o  al lows t h e  
p o s s i b i l i t y  of an a r c ' s  occur r ing  i n  c l o s e  proximity t o  and even 
through t h e  c o i l ,  thereby permi t t ing  a much more accu ra t e  mapping of 
t he  t r a n s i e n t  magnetic f i e l d s  than  do t h e  o t h e r  techniques descr ibed  
i n  t h i s  s e c t i o n .  2 
The double c o i l  i n  t h i s  experiment i s  made of two c i r c u l a r  
c o i l s  of t e n  t u r n s  each. Thus, t h e  output  of t h e  d i f f e r e n t i a l  ampli- 
f i e r  is  t h a t  of a  s i n g l e ,  twenty-turn c o i l .  The two ends of each of 
t h e  two c o i l s  a r e  so ldered  t o  RG-58A/U coax ia l  cab le s  t o  e l imina te  any 
s t r a y  capac i tance  o r  o the r  e l e c t r i c  f i e l d  e f f e c t s  from these  c o i l  
wi res .  A type  D Tektronix plug-in u n i t  s e rves  a s  t h e  d i f f e r e n t i a l  
ampl i f i e r  i n  t h i s  experiment. 
2.5 Measurement Techniques 
An accu ra t e  s p a t i a l  mapping of t he  a r c ' s  magnetic f i e l d  r equ i r e s  
t h a t  only a r c s  occurr ing  i n  c l o s e  proximity t o  t h e  c o i l  be  observed. 
Now, the  c l o s e r  an a r c  is  t o  t he  c o i l ,  t he  s t r o n g e r  t h e  s i g n a l  w i l l  be; 
so  by s e t t i n g  the  t r i g g e r i n g  l e v e l  on the  osc i l l o scope  a t  a  high l e v e l ,  
only those  s i g n a l s  from a r c s  occurr ing  very near  t h e  c o i l  w i l l  be  
d isp layed .  The pressure-current  condi t ions  i n  t h e  d ischarge  a r e  
s e l e c t e d  s o  t h a t  many a r c s  a r e  occurr ing  per  second t o  ensure t h a t  
t he  a r c s ,  w i th  t h e i r  random na tu re ,  w i l l  occur near  t h e  c o i l  a t  l e a s t  
s e v e r a l  t imes a  minute. 
The osc i l l o scope  d i sp l ays  of t h e  c o i l ' s  s i g n a l s  a r e  recorded 
photographica l ly  by t ak ing  five-minute t i m e  exposures of a l l  t he  c o i l  
'plasma Diagnost ic  Techniques, pp . 73-75. 
s i g n a l s  appearing.  Such a  time exposure i s  taken a t  each p o s i t i o n  of 
t he  c o i l  f o r  each o r i e n t a t i o n  of t h e  c o i l  i n  t h a t  p o s i t i o n .  The time 
exposure photograph provides a  p i c t u r e  of t he  supe rpos i t i on  of t h e  
many s i g n a l s ,  u sua l ly  w e l l  over t e n ,  t h a t  a r e  recorded i n  a  five-minute 
period f o r  a  given c o i l  p o s i t i o n  and o r i e n t a t i o n .  This supe rpos i t i on  
toge the r  wi th  t h e  use of a  high t r i g g e r i n g  l e v e l  a l s o  provides an 
accu ra t e  measurement of t he  maximum s i g n a l  f o r  a  given c o i l  l o c a t i o n  
and o r i e n t a t i o n .  
It i s  found t h a t  t h e  most reproducib le  r e s u l t s  can be obtained 
by pumping t h e  system down t o  a  p re s su re  of l e s s  than 5 microns f o r  
about h a l f  an hour be fo re  t he  d ischarge  i s  turned on. This i n i t i a l  
pump-down e l imina te s  any impur i t i e s  p re sen t  i n  t he  atmosphere i n s i d e  
t h e  b e l l  j a r  a s  a  r e s u l t  of outgassing of t h e  va r ious  p i eces  of 
apparatus  and t ape  i n  t he  vacuum chamber. Af te r  t h i s  pump-down, a i r  
i s  slowly b led  back i n t o  t h e  system through a  d e s s i c a t o r  u n t i l  t he  
des i r ed  p re s su re  i s  obtained.  
It should be  r e c a l l e d  t h a t  t h e  vo l t age  ac ros s  t h e  c o i l ,  V _ ,  i s  
dBi dBi L 
propor t iona l  t o  - vc - -. I n  f a c t ,  - - 4 d t  d t  n  A i n  10 gauss pe r  second. 
Obviously, t o  o b t a i n  Bi(t)  , one must i n t e g r a t e  t h i s  s i g n a l .  
dBi 
Unfortunately,  t h e r e  a r e  c e r t a i n  p r o p e r t i e s  i nhe ren t  t o  t h e  - d t  
s i g n a l  which make e l e c t r o n i c  i n t e g r a t i o n  of t h a t  s i g n a l  very 
imprac t i ca l .  The amplitude of t he  c o i l  s i g n a l  i s  very smal l  wi th  
t h e  maximum s i g n a l  no more than  20 m i l l i v o l t s .  The s i g n a l  i t s e l f  
l a s t s  f o r  only about 5 microseconds. This s h o r t  time du ra t ion  impl ies  
t h a t  t he  s i g n a l  i s  a  high frequency one composed of f requencies  of 
t h e  order  of megahertz. Now, t h e  output  of an R-C i n t e g r a t o r  i s  
1 V = I v (wt )d t  where RC >> r , t h e  l i f e t i m e  of t h e  s i g n a l .  Here, 
-5 - 3  
T is  about 10 seconds, so  RC should be  about 10 seconds f o r  
1 
accura t e  i n t e g r a t i o n .  However, )' v(wt)d t  is  p ropor t iona l  t o  - W '  
- 6 
which i s  approximately 10 seconds i n  t h i s  experiment. Thus, an  
dBi 
accu ra t e  i n t e g r a t i o n  of t h e  -- d t  s i g n a l  by an R-C c i r c u i t  w i l l  
Z l om3 . This a t t e n u a t i o n  reduces t h e  a t t e n u a t e  t h e  s i g n a l  by -RCw 
c o i l  s i g n a l  from m i l l i v o l t s  t o  microvol t s ,  which is  t o o  sma l l  a  s i g n a l  
f o r  t h e  osc i l l o scope  t o  measure. 
I n t e g r a t i o n  by an ope ra t iona l  a m p l i f i e r  can e l i m i n a t e  t h i s  
a t t e n u a t i o n  problem, bu t  t he  problem of r e s e t t i n g  t h e  ampl i f i e r  a f t e r  
each a r c ' s  s i g n a l  i s  i n t e g r a t e d  a r i s e s  i n  p l a c e  of t h e  former 
d i f f i c u l t y .  S igna l s  due t o  a l l  a r c s ,  even those  occurr ing  f a r  from 
t h e  c o i l ,  a r e  i n t e g r a t e d  by the  ope ra t iona l  a m p l i f i e r .  A s  a  r e s u l t ,  
every a r c  whose magnetic f i e l d  induces any vo l t age  a t  a l l  i n  t h e  c o i l  
w i l l  c o n t r i b u t e  t o  t h e  output  of t h e  ope ra t iona l  a m p l i f i e r .  Unless 
t h e  ampl i f i e r  can be  r e s e t  t o  zero a f t e r  each and every a r c  occurs ,  
t h e  s i g n a l s  f romthe  a r c s  w i l l  add toge the r  i n  t h e  i n t e g r a t o r  and t h e  
ampl i f i e r  w i l l  produce progress ive ly  l a r g e r  s i g n a l s .  The random 
na tu re  of t h e  a r c s  and t h e  f a c t  t h a t  t h e r e  must be many a r c s  occurr ing  
make t h i s  r e s e t t i n g  of t h e  ope ra t iona l  ampl i f i e r  a f t e r  each s i g n a l  
very imprac t i ca l .  
Since both of these techniques of electronic integration 
dBi 
proved impractical, the signal proportional to - dt was recorded 
and B.(t) obtained by graphic integration. 
1 
2.6 Experimental Errors 
There are several experimental uncertainties that must be 
considered in evaluating the data obtained using the above techniques. 
The actual distance of the coil's center from the sphere's surface can 
be determined to within - + 0.10 centimeters. The orientation of the 
coil with respect to the sphere's surface may be slightly off so that 
the direction perpendicular to the coil's circular cross section may 
dIS 
not be exactly parallel to the component of - dt that is being measured. 
It is estimated that the angle between the normal to the coil's cross 
section and the ith direction is O0 to within - + 3.0°. In addition, the 
center of the coil may not be exactly in the equatorial plane during 
the measurements. It is estimated that the coil's center is within 
+ 0.20 centimeters of the vertical height of the equatorial plane while 
- 
the measurements are being taken. Because the coil is on a rigid stand 
that slides in and out along a track, these last two uncertainties 
concerning the orientation of the coil are systematic errors and they 
should have no effect on the relative values of the plots of a 
4 
dB -+ particular component of the maximum value of - dt or B versus r , 
the radial distance of the coil from the sphere's surface. 
For r l e s s  than  3 cent imeters ,  t h e r e  i s  an  a d d i t i o n a l  
dBi 
unce r t a in ty  i n  t h e  p l o t s  of - and Bi versus  r which a r e  
d t ~ ~ ~  MAX 
presented  i n  t he  next  chapter .  This unce r t a in ty  i s  due t o  t h e  f a c t  
t h a t  i n  t h e  reg ion  c l o s e  t o  t h e  sphere ,  t h e  spark- l ike  a r c s  a r e  
occurr ing  along wi th  t h e  f l a s h - l i k e  a r c s .  The s i g n a l  due t o  t he  
spark- l ike  a r c s  i s  thus  superimposed on t h e  f l a s h - l i k e  a r c s '  s i g n a l .  
Figure 2 .8  shows t h e  two d i f f e r e n t  s i g n a l s  t h a t  a r e  produced by t h e s e  
dB, V two d i f f e r e n t  k inds  of a r c s .  This p a r t i c u l a r  photograph shows -d t  
d B ~  
versus t where - d; d t  is  the  component of - d t  p a r a l l e l  t o  t h e  
d i r e c t i o n  of t he  a r c s  i n  t h e  e q u a t o r i a l  p lane .  The v e r t i c a l  s c a l e  
on t h e  photograph i s  2 m i l l i v o l t s  per  major d i v i s i o n  and t h e  h o r i z o n t a l  
s c a l e  i s  1 microsecond per  major d i v i s i o n .  The d ischarge  condi t ions  
under which t h i s  photograph was obtained were 20 microns p re s su re ,  
1 mil l iampere d ischarge  c u r r e n t ,  and r equal  t o  1 cent imeter .  The 
inner  family of t r a c e s ,  which c rosses  zero f i r s t ,  i s  t h e  s i g n a l  due t o  
t h e  f l a s h - l i k e  a r c s ,  and the  ou te r  t r a c e s  a r e  t h e  s i g n a l s  due t o  t he  
spark- l ike  a r c s .  The mixing of t hese  two s i g n a l s  can lead  t o  s i g n a l s  
l a r g e r  than  the  s i g n a l  due t o  t he  f l a s h - l i k e  a r c s  a lone  and may account 
dBi 
f o r  apparent  i nc reases  i n  t h e  values of t h e  maximum values of - d t  and 
i a s  r i s  decreased below 3 cent imeters .  
- 
dt versus t 
Figure 2.8 Superpositioning of Signals from Two Different 
Type Arcs 
3. Experimental Resul t s  
Figure 3.1 shows two examples of t h e  photographic d a t a  obta ined  
by the  methods descr ibed f n  Chapter 2 .  A s  t h e s e  photographs i n d i c a t e ,  
t h e  s i g n a l  obtained i s  only f a i r l y  reproducib le  even though t h e  
p re s su re ,  d i scharge  c u r r e n t ,  c o i l  p o s i t i o n ,  and c o i l  o r i e n t a t i o n  a r e  
a l l  he ld  cons tan t  during t h e  exposure t ime of each photograph. The 
dB, 
L 
maximum value  of .-- d t  a t  a  p a r t i c u l a r  c o i l  p o s i t i o n  and o r i e n t a t i o n  dB. 
1 
v a r i e s  by a s  much a s  $- 15%. The t ime of t h e  f i r s t  zero c ros s ing  
'MAX 
dBi 
of --- d t  v a r i e s  by about - f 10%. The time of t h e  f i r s t  zero c ros s ing  is  
s i g n i f i c a n t  s i n c e  i t  i s  t h e  time of t h e  occurrence of t h e  maximum 
value  of Bi , Bi , f o r  a given c o i l  l o c a t i o n  and o r i e n t a t i o n .  
MAX 
The v a r i a t i o n  i n  s i g n a l  s t r e n g t h  can be  a t t r i b u t e d  p a r t l y  t o  t h e  
f a c t  t h a t  a r c s  occurr ing  wi th in  a  very sma l l  r ad ius  of t h e  c o i l ' s  
cen te r  w i l l  induce a  vol tage  i n  t h e  c o i l  l a r g e  enough t o  be  de t ec t ed  
on t h e  osc i l l o scope .  The vo l t age  induced by such a r c s  w i l l  vary 
s l i g h t l y  i n  s t r e n g t h  wi th  the  a r c s '  d i s t ances  from t h e  c o i l .  For c o i l  
p o s i t i o n s  wi th in  3  cent imeters  of t h e  sphere ,  t h e r e  i s  a l s o  t h e  
previous ly  mentioned i n t e r f e r e n c e  due t o  s i g n a l s  induced by t h e  spark- 
l i k e  a r c s .  Once t h e  osc i l l o scope  has been t r i g g e r e d  by a  s u f f i c i e f i t l y  
l a r g e  s i g n a l ,  then weaker s i g n a l s  due t o  t h e  spark- l ike  a r c s  o r  d i s t a n t  
f l a sh - l fke  a r c s  can add t o  the  s i g n a l  displayed on t h e  osc i l l o scope  
provided t h e s e  spur ious  s i g n a l s  occur w i t h i n  t h e  sweep time of t h e  
o r i g i n a l  t r i g g e r i n g  s i g n a l .  The s i g n a l  i n  F igure  3 . l ( a )  was recorded 

with the  c o i l  2 cent imeters  from t h e  sphe re ' s  s u r f a c e  and, conse- 
quent ly ,  was much more prone t o  i n t e r f e r e n c e  from the  spark- l ike  a r c s  
than was the  s i g n a l  shown i n  Figure 3 . l (b )  which was recorded wi th  
t h e  c o i l  6 cen t imeters  from t h e  s p h e r e ' s  su r f ace .  
d$ -t I n  o rde r  t o  l a b e l  t h e  components of - d t  and B( t )  t h a t  a r e  
measured, a r e f e rence  system i s  assumed with i t s  cen te r  l oca t ed  a t  
t h e  cen te r  of t h e  magnetized sphere.  Figure 3.2 shows a ske tch  of  
t h i s  r e f e rence  system wi th  s p h e r i c a l  coord ina tes  being employed. As  
t h i s  f i g u r e  i n d i c a t e s ,  t h e  x-y p lane  of t h e  coord ina te  system i s  
assumed t o  l i e  i n  t h e  e q u a t o r i a l  p lane  of t h e  sphere.  With s p h e r i c a l  
d% 
coord ina tes ,  t h e  t h r e e  components of - a t  t h a t  a r e  measured a r e  5 d t  ' 
- 
d t  , and . The s u b s c r i p t  p r e f e r s  t o  t h e  r a d i a l  v a r i a b l e ,  d t  
8 r e f e r s  t o  t h e  c o l a t i t u d i n a l  angle ,  and r e f e r s  t o  t h e  azimuthal  
angle  i n  t h e  e q u a t o r i a l  p lane .  The mutually or thogonal  6 , 8 , and 
d i r e c t i o n s  a r e  i nd ica t ed  i n  t h e  f i g u r e  f o r  an a r b i t r a r y  p o s i t i o n  P 
i n  t h e  e q u a t o r i a l  plane.  I n  t h a t  p lane ,  6 is  always perpendicular  
t o  t h e  e q u a t o r i a l  p lane .  Since t h e  a r c s  o r i g i n a t e  i n  t h e  e q u a t o r i a l  
p lane  and fol low t h e  magnetic f i e l d  l i n e s  of t he  sphere ,  t h e  d i r e c t i o n  
of t h e  a r c s  i n  t h e  e q u a t o r i a l  p lane  is  always t h e  8 d i r e c t i o n .  
dBi 
3.1 - d t  and Bi Versus t dB, 
L Figure  3.3(a)  i s  a ske tch  of a t y p i c a l  -d t  versus  t s i g n a l ,  dB, 
I A l l  t h e  photographs of -d t  versus  t conta in  p l o t s  wi th  the  same 
b a s i c  shape a s  t h a t  i n  t h e  f i g u r e .  The s i g n a l  always s t a r t s  a t  ze ro  
MAGN 
SPHE 
F i g u r e  3 . 2  R e f e r e n c e  Sys tem w i t h  t h e  S p h e r e  and  a n  Arc I n c l u d e d  
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F i g u r e  3 . 3  T y p i c a l  P l o t s  of - and Bi Versus t d t  
dBi 
and i n i t i a l l y  rises s h a r p l y  t o  i t s  maximum v a l u e  - . T h i s  
dtMAX 
maximum always o c c u r s  between 0.20 and 0.25 microseconds a f t e r  t h e  
dB, 
I 
s i g n a l  b e g i n s .  Upon r e a c h i n g  - , t h e  s i g n a l  f a l l s  a lmos t  
dtMAx 
v e r t i c a l l y  th rough  z e r o  t o  a  n e g a t i v e  v a l u e .  The z e r o  c r o s s i n g  
o c c u r s  between 0.22 and 0 .28 microseconds a f t e r  t h e  s t a r t  of  t h e  
dBi 
s i g n a l .  The minimum v a l u e  of - d t  always o c c u r s  between 0.30 and 
0.55 microseconds a f t e r  t h e  s t a r t  o f  t h e  s i g n a l .  A f t e r  going through 
t h i s  n e g a t i v e  minimum, t h e  s i g n a l  g r a d u a l l y  r e t u r n s  t o  z e r o ,  u s u a l l y  
about  2  t o  5  microseconds a f t e r  t h e  s t a r t  of  t h e  s i g n a l .  
dBi 
S i n c e  a l l  t h e  - d t  s i g n a l s  have similar s h a p e s ,  a l l  t h e  Bi( t )  
v e r s u s  t p l o t s  have e s s e n t i a l l y  s i m i l a r  shapes .  F i g u r e  3 .3 (b)  shows 
a  t y p i c a l  B .  ( t )  v e r s u s  t curve.  Th is  f i g u r e  i s  o b t a i n e d  by 
1 
g r a p h i c a l l y  i n t e g r a t i n g  t h e  curve  i n  F igure  3 . 3 ( a ) .  i o c c u r s  a t  dBi MAX 
t h e  t i m e  of t h e  f i r s t  z e r o  c r o s s i n g  of - d t  . B . ( t )  does  n o t  change 1 
s i g n  throughout  t h e  d u r a t i o n  of t h e  s i g n a l  and i t  goes  t o  z e r o  f i n a l l y  
dBi 
as - d t  goes t o  z e r o .  
dB, 
I 3.2 - Versus r 
dtMAx dB. 
1 F i g u r e s  3.4 t o  3.6 show p l o t s  of - v e r s u s  r , t h e  r a d i a l  
dt~Ax 
d i s t a n c e  of t h e  c o i l  from t h e  s p h e r e ' s  s u r f a c e .  These p l o t s  a r e  
dBi 
o b t a i n e d  by choosing t h e  l a r g e s t  v a l u e  of - d t  t h a t  o c c u r s  i n  each  
dBi 
photograph. A l l  of  t h e  p l o t s  shown a r e  f o r  - i n  t h e  e q u a t o r i a l  
dtMAX 
p l a n e .  The d i s c h a r g e  c o n d i t i o n s  a p p r o p r i a t e  t o  each p l o t  are p r e s e n t e d  
dBi 
i n  t h e  f i g u r e s .  The v a l u e s  of --- p r e s e n t e d  have a n  u n c e r t a i n t y  of 
dtMAX 
about  + 10%. 
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3.3 B Versus r i MAX 
dBi 
The f a c t  t h a t  a l l  t h e  v e r s u s  t curves  have t h e  same 
b a s i c  shape  a s  t h e  p l o t  i n  F i g u r e  3 .3 (a )  is  used t o  f a c i l i t a t e  t h e  
dBi 
g r a p h i c a l  i n t e g r a t i o n  o f  - d t  The p o s i t i v e  p o r t i o n  of t h e  s i g n a l ,  
w i t h  i t s  s h a r p  rise t o  a  maximum and t h e n  i t s  a lmos t  v e r t i c a l  drop 
through z e r o ,  has  a  markedly t r i a n g u l a r  shape .  The i n t e g r a t i o n  of 
dB, 
1 
t h e  p o s i t i v e  p a r t  of t h e  -d t  s i g n a l  i s  performed by approximat ing 
dB, 
I t h a t  p o r t i o n  of t h e  -d t  curve  by a  t r i a n g l e  and t h e n  computing t h e  dB. 
1 
a r e a  of t h e  t r i a n g l e  from i t s  a l t i t u d e ,  - , and t h e  wid th  of i t s  
dtMAx dBi 
b a s e .  S i n c e  i i s  e q u a l  t o  t h e  a r e a  under  t h e  - d t  v e r s u s  t MAX dBi 
curve  from t = 0  t o  t h e  t ime of  t h e  f i r s t  z e r o  c r o s s i n g  of - d t  ' 
t h e  a r e a  of t h e  t r i a n g l e  i s  e q u a l  t o  i f o r  t h e  p a r t i c u l a r  c o i l  MAX 
l o c a t i o n  and o r i e n t a t i o n  b e i n g  cons idered .  The v a l u e s  o b t a i n e d  by 
t h i s  method have an  u n c e r t a i n t y  of about  + 15% due p r i n c i p a l l y  t o  
- 
dB, 
I 
u n d e r t a i n t y  i n  t h e  e x a c t  t ime  of t h e  f i r s t  z e r o  c r o s s i n g  of -d t  and dB. 
1 i n  t h e  e x a c t  v a l u e  of - . F i g u r e  3 . 7  shows a sample p l o t  o f  
dtMAx 
B v e r s u s  r w i t h  t h i s  u n c e r t a i n t y  r e p r e s e n t e d  by e r r o r  f l a g s .  
I n  t h e  p l o t s  t h a t  fo l low,  t h e s e  e r r o r  f l a g s  a r e  o m i t t e d  f o r  t h e  s a k e  
of c l a r i t y .  F i g u r e s  3 .8  t o  3.10 a r e  p l o t s  of i v e r s u s  r . The MAX 
d i s c h a r g e  c o n d i t i o n s  and component of 
i a p p r o p r i a t e  t o  each p l o t  lux 
a r e  g iven  i n  t h e  f i g u r e .  The c h a r a c t e r i s t i c s  of t h e  p l o t s  of b o t h  
dBi 
i and - v e r s u s  r a r e  d i s c u s s e d  i n  Chapter 4 .  MAX 'MAX 
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4 .  Summary and Discussion 
From t h e  d a t a  presented i n  Chapter 3 ,  s e v e r a l  c h a r a c t e r i s t i c s  
of t h e  behavior  of t h e  a r c s '  t r a n s i e n t  magnetic f i e l d s  a r e  observed. 
dB 
The va lues  of and -e a r e  u sua l ly  about two t o  t h r e e  t imes 
dtMAx dtMAx 
dB e 
a s  l a r g e  a s  ---- f o r  corresponding c o i l  p o s i t i o n s  and d ischarge  
d t ~ ~ x  
condi t ions .  S imi l a r ly ,  t h e  magnitudes of B and B a r e  about 
@MAX PMAX 
twice a s  g r e a t  a s  B . None of t h e  p l o t s  of - o r  B 
dtMAx 
versus  r conta ins  a well-defined maximum, which i n d i c a t e s  t h a t  both 
and B a r e  f a i r l y  cons tan t  wi th  r e spec t  t o  v a r i a t i o n  i n  r . 
dtMAx eMAx 
dB 
The magnitudes of and inc rease  when e i t h e r  t h e  
dtMAX dtbfAx 
d i scharge  cu r r en t  o r  t h e  p re s su re  i s  increased .  The p l o t s  of B 
@MAX 
versus  r show t h i s  same inc rease  i n  magnitude wi th  inc reas ing  
p re s su re  o r  d i scharge  c u r r e n t .  The p l o t s  of B versus  r show 
t h a t ,  whi le  B i nc reases  when t h e  p re s su re  i s  increased ,  i t s  
PMAX 
magnitude appears  t o  be  unaf fec ted  by an i n c r e a s e  i n  t h e  d ischarge  
cu r r en t .  
The temporal v a r i a t i o n s  of t h e  magnetic f i e l d  l a s t  f o r  about 
4 t o  5 microseconds. Furthermore, B . ( t )  never changes s i g n .  The 
1 
discuss ion  which fol lows p re sen t s  some p o s s i b l e  explana t ions  of t h e s e  
s p a t i a l  and temporal c h a r a c t e r i s t i c s .  
dil- The f a c t  t h a t  t h e  @ and 8 components of  and gMAX 
dtMAx 
a r e  u sua l ly  two o r  t h r e e  t imes a s  l a r g e  a s  t h e  8 component can be  
explained on t h e  b a s i s  t h a t  a l l  t h e  magnetic f i e l d  measurements were 
made i n  t h e  e q u a t o r i a l  plane.  I n  t h i s  p lane ,  t h e  d i r e c t i o n  of propa- 
ga t ion  of t h e  a r c s  i s  perpendicular  t o  t h e  e q u a t o r i a l  p lane  and 
A 
dB 
, being t h e  p a r a l l e l  t o  t h e  8 d i r e c t i o n .  One expects  t h a t  -
dB^  'MAX 
component of - i n  t he  d i r e c t i o n  of t h e  a r c s ,  w i l l  be  l e s s  than  
dtMAx 
o r  
dB 
e i t h e r  d8  , which a r e  components of - perpendicular  
'MAX d t ~  d t ~ ~ ~  
t o  t h e  a r c s .  The same reasoning a p p l i e s  t o  t he  magnitude of B 
compared t o  t h a t  of B o r  B and t o  t h e  f a c t  t h a t  
@MAX QMAX 
dB, V 
and B a r e  r e l a t i v e l y  cons tan t  wi th  r e spec t  t o  r . 
dtMAx @MAX 
dB 
The inc rease  i n  and ?k- with  inc reas ing  d ischarge  
d t ~  d t ~ ~ ~  
cu r ren t  o r  p re s su re  and t h e  ex i s t ence  of a  maximum i n  t h e i r  s p a t i a l  
v a r i a t i o n s  can be explained by cons ider ing  what mechanisms can cause 
changes i n  t h e  cu r r en t  d e n s i t i e s  of t h e  a r c s .  The a r c s  appear t o  
o r i g i n a t e  i n  t he  plasma b e l t  and a r e  apparent ly  caused by some s o r t  
of i n s t a b i l i t y  i n  t h e  e q u a t o r i a l  cu r r en t .  It i s  not  c l e a r  a t  t h i s  
t ime exac t ly  what t h e  i n s t a b i l i t y  is ;  however, t h e  present  experimental  
r e s u l t s  a r e  found t o  be  c o n s i s t e n t  wi th  pre l iminary  explana t ions  
o f f e red  by Quinn and F i o r i t o  based on e i t h e r  of two sepa ra t e  t h e o r i e s  
of Alfven and of Swif t .  Swi f t ' s  theory f i r s t  cons iders  a  l o n g i t u d i n a l  
r i n g  cu r r en t  i n  a  d i p o l a r  magnetic f i e l d ,  subjec ted  t o  an e l e c t r i c  
f i e l d  which may be  f l u c t u a t i n g  o r  s t eady- s t a t e  and i s  t r ansve r se  t o  
t h e  magnetic f i e l d .  It can be shown t h a t ,  under t h e  proper  cond i t i ons ,  
the  long i tud ina l  cu r r en t  may become uns t ab le ,  causing growing ion- 
acous t i c  waves. By i n h i b i t i n g  cu r r en t  flow, t hese  waves cause 
tu rbu len t  hea t ing  and an a c c e l e r a t i o n  of charged p a r t i c l e s  a long t h e  
magnetic f i e l d  l i n e s .  The amount of energy a v a i l a b l e  f o r  an a r c ,  
according t o  S w i f t ' s  theory,  i nc reases  wi th  plasma dens i ty  and e l e c t r i c  
f i e l d ,  This  i s  an agreement wi th  t h e  d a t a  i n  t h i s  work i n d i c a t i n g  t h a t  
t he  maximum i n  t h e  t r a n s i e n t  magnetic f i e l d s  occurs  near  t h e  r eg ion  of 
maximum plasma dens i ty  and r a d i a l  e l e c t r i c  f i e l d .  
Alfven's theory i s  based on t h e  assumption t h a t  a  n e u t r a l  gas 
moving i n  a  plasma w i l l  become ionized  when i t s  v e l o c i t y  wi th  r e spec t  
t o  t h e  plasma i s  such t h a t  i t s  k i n e t i c  energy i s  equal  t o  i t s  i o n i z a t i o n  
energy. It can be  shown t h a t  t h e  amount of energy produced by t h i s  
i o n i z a t i o n  mechanism inc reases  wi th  the  amount of energy t r a n s f e r r e d  
t o  e l e c t r o n s  i n  t h e  plasma v i a  e lec t ron- ion  Coulomb c o l l i s i o n s .  The 
amount of energy t r a n s f e r r e d  by c o l l i s i o n s  inc reases  wi th  t h e  charged- 
p a r t i c l e  dens i ty  and t h e  mean v e l o c i t i e s  of t h e  charged p a r t i c l e s  wi th  
r e spec t  t o  each o t h e r .  Since an inc rease  i n  t h e  d ischarge  c u r r e n t  can 
be i n t e r p r e t e d  a s  e i t h e r  an inc rease  i n  t h e  dens i ty  o r  mean v e l o c i t i e s  
of t he  charged p a r t i c l e s  and an  inc rease  i n  p re s su re  can be i n t e r p r e t e d  
a s  an inc rease  i n  charged-par t ic le  dens i ty  f o r  low p res su res ,  t h e  
i nc reases  i n  and wi th  inc reas ing  d ischarge  cu r r en t  and 
'MAX 'MAX 
p re s su re  seem c o n s i s t e n t  w i th  t h e  b a s i c  a spec t s  of Alfven's theory .  
The f a c t  t h a t  t h e  t r a n s i e n t  f i e l d s  of t h e  a r c s  l a s t  f o r  only 
4  o r  5 microseconds whi le  t h e  p o t e n t i a l  f l u c t u a t i o n s  measured by 
Quinn and P i o r i t o  l a s t  t h e  order  of t ens  of mi l l i seconds  needs f u r t h e r  
examination. Using e s s e n t i a l l y  t h e  same type  of d i scharge  configura-  
t i o n  a s  t h a t  descr ibed h e r e i n ,  Quinn and F i o r i t o  measured t h e  t ime 
v a r i a t i o n  of t h e  f l o a t i n g  p o t e n t i a l  i n  t h e  e q u a t o r i a l  plasma b e l t  
during a r c  i n s t a b i l i t i e s .  A l l  t h e i r  p o t e n t i a l  measurements i n  t h e  
e q u a t o r i a l  p lane  have t h e  same b a s i c  shape t h a t  is shown i n  F igure  4.1. 
The s t a r t i n g  po in t  and minimum p o t e n t i a l  t o  which t h e  curve r e t u r n s  
a f t e r  t h e  a r c  occurrence i s  t h e  s t eady- s t a t e  p o t e n t i a l .  The maximum 
value  of t he  curve i s  zero v o l t s ,  t h e  same p o t e n t i a l  a s  t h e  grounded 
anode . 
This d a t a  i n d i c a t e s  t h e  e f f e c t  of an a r c  which l a s t s  f o r  t e n s  
of mi l l i s econds ,  whi le  t he  d a t a  presented  h e r e i n  i n d i c a t e s  t h a t  a n  a r c  
l a s t s  f o r  only 4 o r  5 microseconds. Thus, t h e  p o t e n t i a l  f l u c t u a t i o n s  
i n d i c a t e  t he  changes i n  t he  plasma b e l t  during t h e  product ion and 
occurrence of an a r c  r a t h e r  than  t h e  time p r o p e r t i e s  of t he  a r c  i t s e l f .  
The magnetic f i e l d  measurements, on t h e  o t h e r  hand, i n d i c a t e  t he  
t r a n s i e n t  behavior  of t he  f i e l d  a s soc i a t ed  wi th  t h e  cu r r en t  d e n s i t y  of 
t he  a r c .  The l i f e t i m e  of t h i s  magnetic f i e l d  i s  t h e  l i f e t i m e  of t h e  
cu r r en t  comprising t h e  a r c .  
One f u r t h e r  p i ece  of experimental  information,  t h e  observa t ion  
of s t eady- s t a t e  plasma o s c i l l a t i o n s  i n  t h e  k i l o h e r t z  range by Schmidt, 
a l lows one t o  develop t h e  fol lowing d e s c r i p t i o n  of t h e  i n s t a b i l i t y .  
F i g u r e  4 . 1  T y p i c a l  Time V a r i a t i o n  of t h e  P o t e n t i a l  
a t  an A r b i t r a r y  P o i n t  i n  t l ~ e  Plasma 
The p o t e n t i a l  of a  po in t  i n  t h e  e q u a t o r i a l  plasma b e l t  i nc reases  t o  
t h e  anode p o t e n t i a l  i n  a  time c h a r a c t e r i s t i c  of many o s c i l l a t i o n  
per iods .  Under t h e  app ropr i a t e  condi t ions ,  t h i s  p o t e n t i a l  is  
s u f f i c i e n t  t o  i g n i t e  an a r c  which i s  quenched i n  a  few microseconds. 
The p o t e n t i a l  then  r e l axes  t o  i t s  i n i t i a l  equi l ibr ium va lue  i n  a  t ime 
c h a r a c t e r i s t i c  of s e v e r a l  o s c i l l a t i o n  per iods .  
While t h i s  p r i o r  d e s c r i p t i o n  of t h e  i n s t a b i l i t y  phenomena is  
q u a l i t a t i v e l y  cons i s t en t  wi th  t h e  t h r e e  s e p a r a t e  experimental  i n v e s t i -  
ga t ions ,  namely, t h e  e l e c t r i c  probe, t h e  magnetic probe, and t h e  n o i s e  
measurements, t h e r e  i s  no d e f i n i t i v e  o r  q u a n t i t a t i v e  evidence a v a i l a b l e  
a t  t h i s  t ime t o  c h a r a c t e r i z e  t h e  exact  na tu re  of t h e  i n s t a b i l i t y  o r  
i ts  p o s s i b l e  geophysical re levance.  Such evidence w i l l  b e  obta ined  
only i n  experiments where one has more adequate con t ro l  of such 
important  parameters a s  plasma d e n s i t y ,  temperature,  n e u t r a l  p re s su re ,  
and e l e c t r i c  f i e l d .  
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